A droplet placed in a liquid-liquid solution is expected to grow, or shrink, in time as $t 1=2 . In this Letter, we report experimental evidence that when the composition in the interface is far from thermodynamic equilibrium due to the nonideality of the mixture, a droplet shrinks as $t. This scaling is due to the coupling between mass and momentum transfer known as Korteweg forces as a result of which the droplet self-propels around. The consequent hydrodynamic convection greatly enhances the mass transfer between the droplet and the bulk phase. Thus, the combined effect of nonideality and nonequilibrium modifies the dynamical behavior of the dissolving droplet.
The formation and dissolution of gas bubbles and liquid droplets in liquid-gas and liquid-liquid systems are major concerns in many industrial processes as they occur in mixing and separation, in dispersion of food products, and in pharmaceutically controlled drug delivery, for instance. When a gas bubble or a liquid droplet is placed in a gas-liquid or liquid-liquid mixture, it is expected to grow (or to shrink) by diffusion; this process is described by the well-known diffusion equation, as @ 1 =@t ¼ Àr Á j 1 in terms of the local concentration 1 ðr; tÞ and mass flux j 1 of component A in the mixture. If one assumes a binary, ideal mixture, the net mass flux can be calculated by Fick's law, j 1 ¼ ÀD 0 r 1 , where D 0 is the experimentally determined diffusion coefficient. Based on this model, the seminal work by Epstein and Plesset [1] , which describes successfully the t 1=2 shrinkage dynamics of a spherical air bubble in an air-water solution, has been recently extended and the t 1=2 scaling experimentally validated also for a liquid droplet (aniline or water) dissolving in a liquidliquid (water-aniline or aniline-water) solution [2] .
Fickian diffusion, however, is strictly limited to ideal mixtures and cannot hold for multiphase systems, even at thermodynamic equilibrium. A more general formulation for the mass flux can be found by means of nonequilibrium thermodynamics [3] ,
2 are the chemical potentials of the two components, and 1 , 2 , are the mobility (or Onsager) coefficients. While the diffusivity D 0 can be a constant for a binary system, the mobility coefficients are composition dependent [4] . For an ideal mixture or in the dilute limit, this formulation reduces to Fick's law. Following Cahn and Hillard [5] , for a heterogeneous system, the local molar Gibbs free-energy g can be written as the sum of a local and a nonlocal contribution: g ¼ g loc þ 1 2 a 2 RTðrÞ 2 , where a is the characteristic length scale of inhomogeneity [6] (different formulations for the free energy have also been developed [9] ). Using a mobility coefficient of the form ¼ ð1 À ÞD 0 and assuming the Flory-Huggins local free energy, Mauri et al. [7] proposed the net mass flux j ¼ Àð1 À ÞD 0 r, with ¼ 0 þ log 1À þ Éð1 À 2Þ À a 2 r 2 where É is the Margules parameter. As a result, we can write j ¼ ÀD 0 r þ ð1 À ÞD 0 ða 2 rr 2 þ 2ÉrÞ; in the dilute mixture limit, ð1 À Þ ! 0, Fick's law is retrieved. The Mauri et al. [7] nonlinear diffusion equation (B model in the classification by Hohenberg and Halperin [10] ) is able to describe a large variety of dynamical behaviors and therefore has been used to study different phenomena such as nucleation, spinodal decomposition of binary liquid alloys, mixing, and liquid drop coalescence and breakup [8] .
In this Letter, we report experimental evidence on the behavior of a single liquid droplet immersed in a nonideal liquid-liquid mixture. We observe that as the droplet dissolves its radius shrinks linearly with time, i.e. RðtÞ $ Àt, and not as RðtÞ $ Àt 1=2 as Fickian diffusion as well as the nonlinear B model would predict if convection is neglected. We will show that the scaling law we observe is an effect of the importance of hydrodynamic convection effects during mass transfer [11] , generated by the droplet self-propelling around while dissolving [12] , caused by Korteweg forces [7, 13] .
In our experiments, we use binary liquid mixtures of acetone and hexadecane because they are partially miscible ( Fig. 1 ) and have density differences lower than 0.1% and negligible excess volume at all compositions; therefore, buoyancy effects can be neglected. At 20 C (Fig. 1) , the stable equilibrium state is two-phase; i.e., the mixture is separated into phase A (25% acetone, 75% hexadecane by volume) and B (80% acetone, 20% hexadecane by volume). To allow visualization, 50 ppm of crystal violet (that preferentially mixes with acetone) are added. Crystal violet is a cationic emulsifier, but at such low concentration it has no effect on the solubility limits [13] . We inject a droplet of either pure hexadecane H or phase A into phase B and observe its time evolution. To inject droplets, we take advantage of microfluidics and we fabricate poly-dimethyl-siloxane (PDMS) devices using soft lithography [14] . Droplets are produced by the well-known flow focusing geometry [15] shown in Fig. 2 . Through the side branches, we inject a mixture with composition B which in the downstream channel forms the continuous phase, while in the central branch we slowly inject either pure hexadecane or a mixture with composition A. The channel is 50 m wide and 15 m high. Both liquids are pumped from pressurized containers, whose pressure is controlled by ACSI-100LR precision valves. Although hexadecane swells PDMS, we do not observe changes in our setup during the experiments-as already noted in [16] . Once a droplet is obtained, both streams are stopped and images are recorded at 60 fps using a CCD camera mounted on a Zeiss (Axiovert 200 M) microscope. Images are postprocessed with standard and ad hoc software written in MatlabÓ to identify the pure hexadecane region of the droplet and replace it by the best fitting circle, so its radius and center location are recorded. Injected droplets have an initial radius " r 0 $ 20 m and we follow their evolution down to " r $ 2 m. Based on energy considerations and taking into account the contact angles, it can be shown that in our experiments the droplets are cylindrical in shape, with both cylinder bases in permanent contact with the top and bottom channel walls. As shown in experimental validations of the EP theory [17] , the fact that a droplet is attached to an impermeable wall does not affect its dissolution dynamics.
As expected, when droplets are of composition A, nothing happens, the droplet neither shrinks nor moves around, because phase A is in mutual thermodynamic equilibrium with the background phase B. Even though this is a trivial result, it was necessary to show that no spurious effects (such as thermocapillary or buoyancy) are present.
More interesting is the injection of pure hexadecane into phase B, since they are not in mutual equilibrium. A few snapshots are shown in Fig. 3 . The time evolution of the drop radius " rðtÞ is shown in Fig. 4 for two of the 32 different repetitions of the same experiment we analyzed. By fitting a power law of the form "
rðtÞ ¼ " r 0 À t , we find ¼ 0:996 AE 0:07, showing that shrinkage is linear in time. The shrinkage rate d" r=dt ¼ À is in the range 3 m=s to 8 m=s and remains nearly constant while the droplet radius changes over one order of magnitude. Our main experimental result is that the droplet selfpropels around and its radius shrinks with a t 1 scaling, instead of the typical t 1=2 fingerprint of a purely diffusive process (linear or nonlinear diffusion equation neglecting convective terms). The t 1 scaling can only be explained as a consequence of hydrodynamic convective effects due to the motion of the droplet [11, 13, 18] . Since no flow nor pressure, temperature, nor concentration gradients are present in the background phase B, the droplet motion must be self-generated by dissolution dynamics. While numerical simulations of a droplet out of thermodynamic equilibrium have shown that self-propelled motion is possible even in an isotropic background concentration field [19] , detailed experimental evidence has not been shown before [12] .
By following the center of a nonequilibrium droplet ( Fig. 3) , we can generate a trace of the path that it follows during dissolution. A trace of two representative degradation pathways is shown in Fig. 5 . Differently from the numerical simulations by Vladimirova et al. [19] , our droplets do not move isotropically, but preferentially along the channel axis direction. The ratio of the transverse to axial components of velocity is about 1=10, due to the side wall which modifies the details of droplet life and makes the mass transfer non isotropic.
When a droplet of pure hexadecane is placed in a B-phase background, it alters the local composition away from stable equilibrium into the metastable and then the unstable equilibrium region under the spinodal curve, where phase A is rapidly formed through a thin, but finite thickness, phase A-phase B interface. What we see in our experiments is, therefore, a complex transient bringing the system through nonequilibrium states to a new stable equilibrium state where a larger droplet of phase A is in mutual equilibrium with the B phase background. For brevity reasons and because the image postprocessing required to distinguish phase A from phase B introduces more uncertainty than to distinguish pure hexadecane, we present and discuss here only the sharp data on the pure hexadecane inner region of the droplet, which shrinks linearly with time. The growth of the less sharp interface (between phase A and phase B) is also linear in time (data not shown), in confirmation of our main observation. For the composition in the droplet to move from pure hexadecane towards phase A, it must adsorb acetone and desorb hexadecane. It does so by diffusive mixing with phase A as soon as phase A is formed by phase change from phase B. Phase change from B to A is a rapid process (except for its triggering stage across the metastable region). Diffusive mixing of A with the hexadecane-rich zone would instead be a slow process in the absence of convective motion. The observed motion produces instead higher local concentration gradients thus effectively speeding up the diffusive mixing. We believe that the selfgenerated motion is driven by Korteweg forces (F ¼ r [19] ) during the rapid phase-change part of the process (through the nonequilibrium region of the phase diagram). Even though the velocity of the droplet is relatively small (15-25 m=s) , such a motion modifies the mass transfer.
Our results differ from those recently obtained by Duncan and Needham [2] for aniline droplets dissolving in water, which are consistent with the Epstein and Plesset (1950) solution of the diffusion equation combined with the equilibrium hypothesis; i.e., the droplet radius shrinks as $t 1=2 . The difference relies in the fact that water and aniline at room temperature are totally miscible while, in our case, acetone and hexadecane are only partially miscible and the system, to reach equilibrium, has to pass through a series of nonequilibrium states across the miscibility gap, where even the local equilibrium hypothesis breaks down.
The instantaneous droplet speed kVk is represented as a function of time in Fig. 6 , showing that it is almost independent of droplet size. This was anticipated using an order of magnitude reasoning by equating the driving and the viscous force, see Molin [8] , as well as by numerical simulations [19] . The droplet dissolution dynamics is increasingly dominated by convective effects, which greatly enhance diffusion by producing higher local concentration gradients. The speeds we measured (in the range 15-25 m=s) are in agreement with the values reported in [19] .
In summary, in this Letter we have shown that when a liquid droplet is placed in a uniform liquid-liquid solution, Fick's law may not be sufficient to describe its dissolution. For partially miscible liquids, if the droplet to dissolve requires a phase change across the miscibility gap, the coupling between mass and momentum transfer known as Korteweg forces induces a vigorous self-propelled motion of the droplet. This motion results in a convective effect, which greatly enhances diffusion and changes the scaling of the droplet dissolution from t 1=2 (typical of nonconvective Fickian as well as nonlinear diffusion) to t 1 .
We thank Prof. H. A. Stone for pointing us to EP theory. We acknowledge Prof. R. Mauri and Prof. A. M. Lezzi for FIG. 5 (color online) . Droplet center at different instants of time for the two dissolving droplets of Fig. 4 . Initial position is set at (0,0); time increases along the arrow.
FIG . 6 (color online) . Droplet speed kVk for two repetitions of the experiment (same as in Fig. 4) . Despite the noise, in both instances the droplet speed is of order 15 m=s, throughout the dissolving interval.
